Introduction {#sec1}
============

Today, there exists an intense worldwide effort toward the use of green energy production technologies because of the concerns about environmental sustainability and global warming. Among ecofriendly power technologies (wind, wave, etc.), solar radiation provides a clean and abundant form of energy. To harvest solar energy, silicon-based photovoltaic (Si-PV) cells have received significant attention in the last three decades,^[@ref1]−[@ref4]^ and recently, the cost of Si-PV modules has lowered down to 70%, which substantially shortened the economic payback period.^[@ref5]^ The improvement in energy efficiency of these PV systems can further enhance their potential for the widespread use. To fulfill this demand, conventional solar concentrators that use mobile mirrors and lenses have been developed to track the sun and improve the sunlight energy harvesting.^[@ref6]^ However, they have some drawbacks, such as costly optomechanical equipment to track the sun, cooling focal point of the mirrors, and inadequacy to concentrate the diffused sunlight.^[@ref7]^

Luminescent solar concentrators (LSCs) have been explored as a versatile platform to improve the energy production capability of Si-PVs and consequently to reduce the energy production cost per unit watt.^[@ref2],[@ref8]−[@ref11]^ A typical LSC consists of an optical waveguide that includes photoluminescent materials, which absorb direct and diffused sunlight radiation and re-emit at higher wavelengths.^[@ref12]−[@ref15]^ The downconverted luminescence is then guided by total internal reflection (TIR) and absorbed by the PV cells placed at the edges of the waveguide.^[@ref16]^ As the lateral area of an LSC is significantly larger than its edge area, the generated photon density is considerably increased because of the "concentrator effect", which results in improved energy harvesting.^[@ref15]^ By coordinating the wavelength of the PV responsivity maxima with the photoluminescence (PL) peak wavelength of the fluorescent emitters, the output power can be exceptionally enhanced.^[@ref17]^ Moreover, the transparency of these concentrators makes them suitable to be utilized as "solar windows".^[@ref3],[@ref17],[@ref18]^

Among the wide variety of fluorescent materials, colloidal quantum dots (QDs) show advantageous properties such as high PL quantum efficiency (QE), spectral tunability via quantum confinement effect, and high photostability.^[@ref1],[@ref19]−[@ref27]^ Even though the QDs show a high QE after synthesis, their performance in LSC applications is limited because of the reabsorption.^[@ref28],[@ref29]^ The reabsorption losses can be decreased by increasing the Stokes shift, which is the energy separation between the emission and absorption spectra. The Stokes shift can be controlled by using indirect band gap materials,^[@ref30]^ varying the semiconductor compositions,^[@ref31]^ and doping with transition-metal ions.^[@ref7],[@ref17],[@ref32]−[@ref34]^

Alternatively, heterojunction formation in QDs provides an effective approach to engineer the Stokes shift. The transition from a type-I to a quasi-type-II carrier localization can decrease the spectral emission and absorption overlap.^[@ref17]^ So far, this is typically achieved by the growth of a thick shell on CdSe core QDs.^[@ref17]^ This thick shell also allows for the minimization of the host material effect, which significantly decreases the efficiency drop of the QDs when transferred from the solution into the polymer matrix. Even though this approach is advantageous to simultaneously suppress the reabsorption losses and the host material effect, there are major concerns about the use of the highly toxic cadmium content in various applications.^[@ref35],[@ref36]^ Indium phosphide (InP) QD is a strong alternative to cadmium-based QD because of its non-toxic material content.^[@ref37]−[@ref39]^ Indium has been used in commercial applications in TVs (e.g., InGaN light-emitting diodes), which shows the mass production potential and its safe use.^[@ref40],[@ref41]^ Therefore, the development of indium-based QDs with low reabsorption losses and low host-material sensitivity is essential.

In this study, we demonstrated InP/ZnO core/shell QD-based LSCs that show a significant suppression of reabsorption over a long optical path. We performed colloidal synthesis and nanoengineered the InP/ZnO core/shell QDs for efficient solar concentration. The ZnO shell growth on InP core QDs facilitated a type-II band alignment ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a),^[@ref42]^ which leads to increasing the Stokes shift and decreasing the reabsorption losses. For LSC fabrication, we incorporated the QDs into the polydimethylsiloxane (PDMS) waveguide, and the QE and time-resolved measurements confirmed that the host material effect is also simultaneously reduced.

![(a) Band alignment of the InP/ZnO core/shell QDs. (b) Absorption (shading) and PL (no shading) spectra of the InP/ZnO QDs with increasing shell layers (from zero to five) in hexane. Each shell layer corresponded to a shell thickness of 0.27 nm.](am-2017-19144c_0001){#fig1}

Results and Discussion {#sec2}
======================

ZnO was grown on an InP core by the thermal decomposition of zinc acetylacetonate (Zn(acac)~2~). Previously, zinc acetate (Zn(OAc)~2~) and Zn(acac)~2~ have been used as precursors for synthesizing ZnO QDs,^[@ref43]−[@ref47]^ but Zn(acac)~2~ resulted in smaller and more monodisperse ZnO QDs with a weaker trap emission.^[@ref47]^ Moreover, using oleylamine (OAM) as the stabilizing agent can help to prevent the ZnO grain from aggregating.^[@ref45]^ To synthesize highly luminescent InP cores, we used zinc undecylenate as the surface passivator^[@ref48]^ and OAM and oleic acid (OA) as the stabilizing ligands. In short, InP cores were synthesized by the hot injection of tris(trimethylsilyl)phosphine (P(TMS)~3~) on indium chloride (InCl~3~) in the presence of the OAM and OA ligands with the 1-octadecene (ODE) solvent. Once the InP core was formed, the ZnO stock solution consisting of Zn(acac)~2~, OAM, OA, and ODE was added to the InP core solution and heated to 280 °C (see the [Methods and Characterization](#sec4.8){ref-type="other"} section for the detailed synthesis procedure). Even though the lattice mismatch between InP and ZnO is 11%, which is higher than the well-known InP/ZnS lattice mismatch (∼8%),^[@ref49]^ the synthesized InP/ZnO QDs exhibit excellent optical and electronic properties similar to those of the previously reported type-II heterostructure of CdTe/ZnSe with a higher lattice mismatch of up to 14%.^[@ref50]^ The ZnO crystal growth on InP was observed with the increase of the QD diameter from 1.95 nm for the InP-only core to 3.01 nm for InP/2ZnO (with two times shelling) and 4.31 nm for InP/5ZnO (with five times shelling), where each shelling corresponds to a thickness of ∼0.27 nm ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19144/suppl_file/am7b19144_si_001.pdf)). In addition, we carried out scanning electron microscopy--energy-dispersive X-ray spectrometry (SEM--EDXS) measurements ([Figure S2a--c](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19144/suppl_file/am7b19144_si_001.pdf)), and the InP/ZnO structures showed a progressive enhancement of the zinc content from 10.70 wt % for the InP core structure to 23.33 wt % for the InP/5ZnO core/shell structures ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19144/suppl_file/am7b19144_si_001.pdf)). Moreover, the synthesized QDs studied by powder X-ray diffraction (PXRD) showed a crystal structure, and InP and ZnO showed a cubic and hexagonal structures, respectively ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19144/suppl_file/am7b19144_si_001.pdf)). Additionally, the transmission electron microscopy (TEM) and X-ray diffraction (XRD) measurements confirmed the presence of the InP/ZnO core/shell structure, which caused the significant red shift in the PL peak position.

The absorbance and PL spectra of the synthesized QDs were characterized to investigate the effect of shell thickness on their optical properties (as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). The emission peak wavelength of the QDs was red-shifted from 576 to 627 nm by growing a ZnO shell on the InP core because the electron had a tendency to delocalize toward the ZnO shell, while the hole was strongly confined inside the core (as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). Thus, the delocalization of the exciton led to less confinement energy and red shift in the emission. As the shell thickness increased, the electron and hole recombination lifetime also increased from an average value of 11 ns for InP to 31 ns for InP/5ZnO ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b), owing to the smaller cross section of the electron and hole wave function overlap. Noticeably, in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b, the indium-based type-II heterostructures enabled the control on the Stokes shift, and while the shell thickness increased, the spectral overlap between the emission and absorption significantly decreased ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19144/suppl_file/am7b19144_si_001.pdf)). Because the shell volume of the InP/5ZnO QDs was nearly 10 times higher than that of the InP core QDs (∼300 nm^3^ for InP/5ZnO versus only ∼30 nm^3^ for the InP core), the absorption spectrum was significantly affected by the ZnO shell. This was also observable in their cadmium-based counterparts.^[@ref17]^

![(a,b) Time-resolved fluorescence measurements of InP and InP/5ZnO QDs in hexane (square) and PDMS film (circle). (c) QE of the corresponding QDs in the hexane solution (square) and the PDMS film (circle) (*N* = 3). (d) Absorption and PL spectra of the InP/5ZnO QDs in the hexane solution (solid line) and in the PDMS film (dashed line).](am-2017-19144c_0002){#fig2}

The QE measurements of the QDs in hexane and in the PDMS polymer matrix were performed, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c. Increasing the shell thickness up to InP/2ZnO results in a three-fold enhancement in QE (35.9%), which was due to better surface passivation by the shell formation.^[@ref51]^ Further increase of the ZnO shell thickness caused the QE to decrease (i.e., 17.6% for InP/5ZnO) presumably because of the higher interfacial strain, which was generated by an incomplete monolayer (ML) coverage (for a detailed ML coverage calculation, see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19144/suppl_file/am7b19144_si_001.pdf)).^[@ref52]^ In addition, while the ZnO shell is grown on top of the InP core, the heterostructure shifts from a type-I to a type-II carrier localization, meaning that while the hole is confined in the InP core, the electron localizes in the shell. Up to 2 MLs of ZnO, the QD also possibly shows a quasi-type-II carrier localization, in which both the electron and the hole mainly recombine in the core region. While the shell thickness is further increased, the recombination occurs with an electron that was significantly localized in the shell and a hole in the core, which also leads to a decrease in the oscillator strength and quantum yield.

The QE of the QD slabs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c) showed a decrease in comparison with that of the in-solution QDs because of the host material effect, which introduced the additional nonradiative channels. The QE of the films followed a similar trend with the QE of the solutions, which increased up to InP/2ZnO and then decreased as the shell growth continued up to InP/5ZnO. Notably, as the shell thickness increased from two to five layers, the difference between the QE of the films and solutions showed a less change in efficiency. While the QE change was 9.3% for InP/2ZnO, it decreased to 1.4% for InP/5ZnO. This enhanced photostability against the host material effect was also visible in the time-resolved PL decay spectra for the QDs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b). In both hexane and PDMS, the absorbance of the InP/5ZnO QDs was similar because of the low scattering loss, and the QDs additionally showed a stable PL peak wavelength at 627 nm ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d). Moreover, we investigated the relative change of the reabsorption loss,^[@ref1]^ and the relative reabsorption decreased while the shell grows ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19144/suppl_file/am7b19144_si_001.pdf)).

LSCs should absorb sufficient incident radiation and direct the downconverted luminescence toward the edges for light concentration. For this, 0.05 wt % of QDs was integrated into the PDMS slabs ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a), and at this loading concentration level, the transparency of LSCs promotes the appropriate reduction of incident sunlight quality that can transmit to the inside of homes and offices ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a inset). In terms of light harvesting, an LSC absorbs ∼24% of the incoming radiation (at 525 nm) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). Moreover, the surfaces of the LSCs were sufficiently smooth for TIR and light guiding. Hence, under UV light exposure, the luminescence of the fabricated slab was especially visible in the edges compared to the faces because of the waveguiding effect ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). Furthermore, the flexibility of the QD--polymer slabs is shown in the inset of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c, and this property can be useful to integrate LSCs on curved surfaces and to keep the light intensity fixed while the sun changes its position during the day.

![(a) Photograph of InP/5ZnO QD-LSC under ambient light. Inset: frontal view of InP/5ZnO QD-LSC. (b) Absorbance spectra of PDMS and LSC with 0.05 wt % concentration of InP/5ZnO QDs. (c) InP/5ZnO QD-LSC under UV irradiation. The edges seem brighter because of the TIR in LSC. Inset: the flexibility of the QD-LSC. (d) Solar spectrum before and after the PDMS slab and the QD-LSC were incorporated with 0.05 wt % InP/5ZnO QDs. The scale bar is 1 cm in all figures.](am-2017-19144c_0003){#fig3}

To evaluate the change in the photometric quality of the light that passes through the LSCs, it was illuminated by a collimated solar spectrum (solar simulator AM 1.5G), and the transmitted light was coupled to a spectrometer. Color rendering index (CRI) is an important measure that shows the ability to render true colors of the illuminated objects, and the transparent PDMS polymer matrix is a suitable material to be used for windows to keep the CRI of the transmitted light fixed in comparison with the incoming light generated by the solar simulator ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d). Remarkably, the InP/5ZnO QD-based LSC also exhibited no change in CRI with respect to the solar simulator, demonstrating its potential for solar windows ([Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19144/suppl_file/am7b19144_si_001.pdf)).

To investigate the effect of Stokes shift engineering on the LSC performance, the InP/2ZnO QDs with the highest QE and the InP/5ZnO QDs with the lowest reabsorption were integrated inside the PDMS waveguide (with the dimensions of 9 cm × 1.5 cm × 0.3 cm) at the same level of the weight percentage (0.05 wt %). We analyzed the dependence of the optical output power versus the illuminated area. For this, we covered a specific part of the LSCs, excited the remaining area with UV light (at 365 nm), and measured the optical output at the edge ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a inset). While the InP/2ZnO-based LSC had a near-exponential behavior, the InP/5ZnO-based LSC showed a linear response for the output optical power as the coverage area increased ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). The linearity in InP/5ZnO LSC was due to the negligible reabsorption loss, whereas the reabsorption loss in InP/2ZnO LSC led to an exponential response while the illuminated area increased.

![(a) Dependence of the optical output intensity by varying the illuminated area. Both InP/2ZnO (black triangle) and InP/5ZnO (red triangle) QD-LSCs excited at 365 nm UV radiation. Inset: The optical setup configuration in which the illumination was from the bottom and the output light extraction was from the edge. The mask blocks the light and allows for partial illumination. (b) Spectra of the InP/2ZnO (upper panel) and InP/5ZnO (lower panel) QD-LSCs for different optical distances (up to 9 cm). (c) fwhm of the optical output spectra for the InP/2ZnO (black square) and InP/5ZnO (red square) QD-LSCs at different optical distances (the measurements in (b) and (c) were done as shown in the inset of (a)). (d) Optical output intensity of PDMS (black square) and the InP/5ZnO (red filled square) QD-LSC. The scattering-corrected intensity (red triangle) was obtained by subtracting the optical output intensity of PDMS from that of the InP/5ZnO QD-LSC. Inset: The light at 665 nm was coupled from the edge and collected from the top.](am-2017-19144c_0004){#fig4}

The emission spectra of InP/2ZnO and InP/5ZnO QD-LSCs were analyzed with the same configuration shown in the inset of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a under UV excitation. Even though the PL peak wavelength in the InP/2ZnO--polymer slab experienced a significant spectral peak shift (of Δλ = 28.4 nm) at the end of the optical waveguide ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b), for the InP/5ZnO--polymer slab, the peak wavelength remained almost at the same value with a slight change (of Δλ = 3.2 nm) because of the less overlap of the absorbance and PL spectra. Moreover, the spectral line width of the output intensity spectra is shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c, and the full width at half-maximum (fwhm) of the InP/5ZnO QD-LSC decreases with a lower slope (1.80 nm/cm) through the optical distance of 9 cm in comparison with the slope of the fwhm in InP/2ZnO QD-LSC (3.29 nm/cm) because of lower reabsorption. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d shows the PL decay through the LSC structure. However, because the reabsorption loss was low in InP/5ZnO QD-LSC, the scattering should have an effect on the observed decay. To evaluate the difference between scattering and reabsorption of QD-PDMS LSCs, a beam was propagated through PDMS and InP/5ZnO QD-LSC at the wavelength of 665 nm ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d inset).^[@ref17]^ The scattered light was collected from the upper face at different optical distances ranging from 1 to 8 cm from the excitation edge. As illustrated in  [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d, the scattering-corrected intensity, which was obtained by subtracting the optical output intensity of PDMS from that of the InP/5ZnO QD-LSC, nearly kept its intensity, and this demonstrated that the optical output decay was mainly due to scattering.

The optical efficiency is an important measure to evaluate the power conversion performance of LSCs. To measure the efficiency, we illuminated the surface of an LSC with a solar simulator and black-painted (blocked) all edges except one, which was coupled to the solar cell. We calculated the optical efficiency by using [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, where *I*~LSC~ is the short-circuit current of a solar cell coupled to the LSC when the LSC is illuminated by a solar simulator, *A*~PV~ is the area of the light collection edge, *I*~PV~ is the short-circuit current of a solar cell when the solar cell is directly illuminated by a solar simulator without an LSC, and *A*~LSC~ is the illumination area of the LSC surface.^[@ref15]^ The efficiency of InP/5ZnO QD-LSC with a geometrical factor of 5 corresponded to 1.45% at an optical transmission level of 73%.

Moreover, we performed the analytical simulations to explore the highest possible optical efficiency by using [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"},^[@ref6]^ in which ⟨α~1~⟩ is the averaged absorption coefficient of the QDs, *d* and *L* are the thickness and length of the LSC, respectively ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a), η~PL~ is the measured QE of the QDs in PDMS, η~TIR~ is the TIR efficiency for the PDMS polymer matrix, β is a numerical value fixed to 1.4 based on ref.,^[@ref53]^ and α~2~ is the absorbance at the emission peak wavelength (see the [Experimental Section](#sec4){ref-type="other"} for details). The results in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b showed that the optical efficiency of the LSCs can be controlled by varying the geometrical factor (*G* factor). We measured the optical efficiency of an LSC with a *G* factor of 30 as 0.24%, which was in agreement with the simulation in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b. Moreover, the efficiency levels can be improved over 20% by increasing the QE of the QDs over 60%. Further improvement in optical efficiency can be obtained by employing a back-reflector in the PV cells.

![(a) Schematic of an LSC that consists of the InP/ZnO core/shell QDs inside the PDMS polymer matrix. The light at the edge will be absorbed by the photovoltaic cells and converted into electrical power. The geometry of the LSC (*L* and *d*) affects the optical efficiency by changing the geometrical factor. (b) Simulations were done for the QE levels of QDs as 16.2, 30, 60, and 100%. The star symbol indicated the experimental measurements of LSCs with a loading concentration of 0.05 wt % for *G* = 5 and *G* = 30.](am-2017-19144c_0005){#fig5}

The effect of the loading concentration on the optical efficiency was also investigated. Four different LSCs with different loading concentrations of 0.01, 0.05, 0.1, and 0.5 wt % of InP/5ZnO QDs were fabricated and illuminated with the solar spectrum. While the QE slightly decreased from 19.1% for 0.01 wt % to 16.4% for 0.5 wt %, the optical efficiency also increased from 0.28 to 3.22% ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19144/suppl_file/am7b19144_si_001.pdf) and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Here, the optical efficiency is enhanced by increasing the loading concentration because of strong absorption (e.g., 0.5 wt %), but the transmission of the LSC significantly drops (e.g., to 13% at 525 nm) ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19144/suppl_file/am7b19144_si_001.pdf)), which is not suitable for solar window applications. Therefore, it is important to optimize the light-harvesting and transmission properties of LSCs for solar window applications.

###### Quantum Efficiency and Optical Efficiency of the Fabricated LSCs with Different Loading Concentrations of the InP/5ZnO Q Ds

                                    0.01 wt %   0.05 wt %   0.1 wt %   0.5 wt %
  --------------------------------- ----------- ----------- ---------- ----------
  QE (%)                            19.1        17.5        17.1       16.4
  optical efficiency (%) *G* = 30   0.049       0.225       0.195      0.43
  optical efficiency (%) *G* = 5    0.28        1.4         1.27       3.22

Conclusions {#sec3}
===========

We demonstrated efficient LSCs based on cadmium-free QDs. The type-II band alignment of the InP/ZnO core/shell QDs enabled the Stokes shift engineering, which led to the suppression of the reabsorption losses. At the same time, the shell advantageously protected the recombination dynamics and QE against the host material effect. Indium-based optoelectronic materials and devices are already used in displays at homes and offices. Therefore, these indium phosphide nanomaterials may also find widespread use as LSCs in the windows.

Experimental Section {#sec4}
====================

Chemicals {#sec4.1}
---------

Zinc undecylenate (99%), OA (99%), OAM (99%), ODE (90%), indium (III) chloride (InCl~3~) (99%), P(TMS)~3~ (95%), and Zn(acac)~2~ (99.995%) were purchased from Sigma-Aldrich. ODE was purified at 100 °C by evacuating and refilling repeatedly with nitrogen for 1 h. All the procedures were performed in a glovebox under a nitrogen atmosphere.

Indium Phosphide Core Synthesis {#sec4.2}
-------------------------------

Zinc undecylenate (0.3 mmol), 98 μL of OA, and 204 μL of OAM were mixed in 9 mL of ODE in a 100 mL three-neck round-bottom flask. The solution was heated to 100 °C, evacuated, and refilled with nitrogen repeatedly to provide an oxygen- and water-free reaction atmosphere. InCl~3~ (0.3 mmol) was then added to the solution in the glovebox. The flask was heated to 240 °C with strong agitation under nitrogen flow. At this temperature, 1.5 mL of phosphine stock solution (P(TMS)~3~--ODE 0.2 mmol mL^--1^) was injected to the solution swiftly. The color of the solution became dark right after the injection. The dark solution was kept at 210 °C for 20 min and then cooled down to room temperature.

Preparation of 0.015 M Zinc Oxide Stock Solution for the Shelling Process {#sec4.3}
-------------------------------------------------------------------------

Zn(acac)~2~ (0.1 mmol), 32 μL of OA, and 1 mL of OAM were mixed in 6 mL of ODE at 60 °C.

InP/ZnO Quantum Dot Synthesis {#sec4.4}
-----------------------------

The solution containing indium phosphide QDs was heated to 60 °C. Once the temperature was stable, 530 μL of the prepared zinc oxide stock solution was added to the indium phosphide solution. Then, the solution was heated up to 280 °C and stirred for 20 min.

Indium Phosphide Quantum Dots with Multiple Shelling of Zinc Oxide {#sec4.5}
------------------------------------------------------------------

For the preparation of the InP/2ZnO, InP/3ZnO, InP/4ZnO, and InP/5ZnO QDs, 670, 835, 1170, and 1835 μL of the prepared zinc oxide stock solution were added, respectively. The rest of the shelling process was the same as that of the InP/ZnO procedure.

Purification and Storage {#sec4.6}
------------------------

Four milliliters of toluene were added to the QD solution, and the precipitate was centrifuged at 9000 rpm for 15 min and removed. Ethanol was added to the solution until it became turbid, and then the solution was centrifuged at 9000 rpm for 5 min three times. The precipitated QDs were dispersed in hexane or toluene. The purified QD solutions were kept at 5 °C.

Device Fabrication {#sec4.7}
------------------

Six milligrams of purified QDs was dissolved in 1 mL hexane solvent as the stock solution. For the preparation of each slab, 355 μL of the QD stock solution, 4.5 mL of PDMS Sylgard 184, and 0.45 mL of Sylgard 184 curing agent were used. The mixture was degassed repeatedly and kept under vacuum for 20 min. [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19144/suppl_file/am7b19144_si_001.pdf) represents the dimensions of the fabricated aluminum mold, and the degassed mixture was transferred to the mold and cured at 70 °C for 6 h. The cured LSC was peeled off from the aluminum mold after the completion of the heating process.

Methods and Characterization {#sec4.8}
----------------------------

PXRD measurements of QDs were carried out by a Bruker D2 PHASER X-ray diffractometer \[λ~Cu Kα~ = 1.54 Å\] with a scan rate of 1° min^--1^. To prepare samples for XRD measurements, we purified the synthesized QDs three times to remove excess impurities (including excess zinc precursor). Then, we drop-casted the QD solution dispersed in hexane on a silicon holder and then heated up to 100 °C for 2 h to ensure the evaporation of organics. The powder samples were supported by the poly(methyl methacrylate) holder, and the studies were carried out at room temperature. The UV/visible absorption and PL spectra of QDs were carried out by an Edinburgh Instruments spectrofluorometer FS5. The system included a 150 W xenon lamp combined with an excitation monochromator. The excitation source was set to 375 nm with a band-pass filter that has an fwhm of 2 nm. The QDs in hexane are poured into standard quartz cuvettes for absorbance and PL. The emission detector was a single-photon-counting photomultiplier tube (R928P), and the detection spectral width was 2 nm. Absolute fluorescence QE values were measured by using an integrating sphere. The measurement module that contained an integrating sphere with an inner diameter of 150 mm was placed into the FS5 system for the determination of QE. Time-resolved microscopy was carried out by a PicoQuant MicroTime 100 time-resolved fluorescence microscope. A PDL 800-D diode laser driver for picosecond pulses combined with a 375 nm laser head was used as the excitation source with a repetition rate of 8 MHz. A single-photon-sensitive detector (PMA Hybrid 50) based on a photomultiplier tube (R10467 from Hamamatsu) was used. The time-correlated single-photon-counting electronics of HydraHarp 400 was adjusted to a resolution of 4 ps. The samples were measured at room temperature. The SEM--EDXS measurements were obtained by a Zeiss Ultra Plus field emission scanning electron microscope by using a Bruker XFlash 5010 EDXS detector. The accelerating voltage was set to 20 kV. The samples were prepared by drying the QDs dissolved in the hexane solution to 300 °C for 1 h. TEM imaging was performed using a 200 keV accelerating voltage in a spherical aberration-corrected scanning TEM (JEOL JEM-200ARMCF). Diffraction contrast images, for estimating the particle size distribution, were recorded using a 60 μm objective aperture. Phase-contrast, high-resolution TEM imaging was performed for investigating crystallinity in the specimen. *Z*-contrast imaging was performed using a collection semiangle range of 53.4--214 mrad and a probe size of ca. 2 Å.

For optical efficiency measurements, a calibrated Newport Oriel LCS-100 solar simulator AM 1.5G was used. The output power of the Xe lamp was 100 mW/cm^2^. A silicon solar cell with the dimensions of 110 mm × 70 mm was used. Because the surface area of the solar cell was greater than the LSC's edge area (1.5 cm × 0.3 cm), a black tape was used to mask the excessive area. For measuring *R*, [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} was used.

By considering *n*~PDMS~ = 1.4,^[@ref54]^ the reflectance yielded was 0.027. The averaged absorption coefficient (⟨α~1~⟩) can be calculated based on [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}.in which λ~1~ is the wavelength at which the QDs start to absorb light.^[@ref6]^ ⟨α~1~⟩ was calculated as 0.0585. Moreover, η~TIR~ was calculated as 0.85, and based on the emission and absorption spectra, α~2~ was calculated as 0.001. For the preparation of an LSC with a gain factor of 5, an InP/5ZnO QD-LSC was fabricated with the dimensions of 1.5 cm × 1.5 cm × 0.3 cm at a QD weight percentage of 0.05.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsami.7b19144](http://pubs.acs.org/doi/abs/10.1021/acsami.7b19144).TEM images of the QDs, ML coverage calculation, XRD and SEM--EDXS measurements, preparation of LSCs, Fourier transform infrared measurement, and optical properties of the LSCs with different loading concentrations ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19144/suppl_file/am7b19144_si_001.pdf))

Supplementary Material
======================

###### 

am7b19144_si_001.pdf

^⊥^ S.S. and H.B.J. contributed equally to the paper.

The authors declare no competing financial interest.

S.N. acknowledges the support by the European Research Council (ERC) under the European Union's Horizon 2020 Research and Innovation Programme (grant agreement no. 639846). The authors acknowledge Dr. Ceren Yilmaz Akkaya for XRD and Dr. Baris Yagci for SEM--EDXS measurements at KUYTAM (Koç University Surface Science and Technology Center). The authors gratefully acknowledge Prof. Funda Yagci Acar for fluorescence spectroscopy measurements and Prof. Ismail Lazoglu and Muzaffer Butun for their support on fabrication of the LSC mold. The authors also thank Prof. Mehmet Sahin at Abdullah Gul University for scientific discussion on the electronic properties of QDs.
